Coordination of the signalised intersections of an arterial is a widely studied problem, with the aim being to find optimal offsets, when the other control parameters (cycle time, effective greens, etc.) are designed. Optimal offsets are generally those that are able to minimise the stops at intersections for vehicles travelling along the coordinated arterial or to maximise bandwidth. While the problem is very simple for one-way arterials, it is more complex for two-way arterials where the problem is usually approached as one of bandwidth maximisation. However, the latter does not ensure minimum total delay (or total travel time) on the network. In this paper we study the problem of coordinating two-way signalised arterials with a view to minimising total delay, using a microsimulation approach to explore the solution set. Initial results show that the objective function of the problem is not convex and that several local optima can be identified.
Introduction
Coordinating the signal settings of an arterial is a control strategy to minimise travel delays on a main road with multiple consecutive intersections. Since in urban networks junction delays constitute a substantial proportion of running times, the importance of proper coordination appears evident. Over the years several techniques and models have been developed for optimising signal settings, and three main problems have emerged: (a) single junction optimisation; (b) arterial optimisation/coordination; (c) multiple junction optimisation (signal network control). In this paper we tackle problem (b), focusing on how to minimise the total delay of a two-way arterial. For the literature on the multiple junction optimisation problem (see Cascetta et al. [1] and D'Acierno et al. [2] ).
Of the many papers, books, handbooks and software programs that have been proposed, some tackle the problem using simulation-based models, while others propose to use analytical models. Examples of simulation-based models are TRANSYT-7F [3, 4] and SIGOP III [5] while analytical models have been proposed by Gartner et al. [6] and Liu and Chang [7] .
The solution of the single arterial coordination problem is simple if the arterial is one-way: in this case optimal green offsets can be calculated according to distance between intersections and average flow speed, always obtaining the ideal coordination corresponding to the maximum bandwidth (defined as the time interval during which the vehicles are able to travel on the road without any stops at intersections). The details can be found, for instance, in [8, 9] and the solution methods are widely used in practical applications. In fig. 1 a space/time diagram shows the ideal coordination and the parameters of the problem are identified; in this case the (maximum) bandwidth is equal to the effective green time and its capacity is equal to the product of the same bandwidth and the saturation flow. 
For two-way arterials the coordination problem is more complex since it is not always possible to obtain the ideal coordination in both directions. It may be stated that the ideal coordination in both directions is possible only if:
where: C is the cycle time (s); D is the distance between two intersections (m); v min is the minimum average speed of traffic flow (m/s).
It may be verified that this condition is compatible with feasible cycle lengths only when the distances between intersections are significant, that is where the effects of coordination produce lower benefits.
In real applications only one direction is usually coordinated (the one with the higher traffic flow); this case is solved with the same methods adopted for oneway arterials.
In the literature, the bandwidth maximisation problem was introduced partly to maximise the sum of bandwidths in both directions (see Morgan and Little [10] ; Little [11] ; Inose and Hamada [12] ). Papola and Accattatis [13] , Papola [14] and Papola and Fusco [15] studied the problem assuming the cycle length and progression speed as fixed; such variables are considered design variables by Bass [16] and Little et al. [17] who proposed the MAXBAND model. An evolution of the MAXBAND model was the MULTIBAND model (Gartner et al. [18] , Gartner and Hou [19] ), which was more generalised by Stamadiatis and Gartner [20] .
The solution of the bandwidth maximisation problem may not correspond to the minimum total delay on the network. In this paper, we study the problem of minimising the total delay of an arterial by adopting a microsimulation model to evaluate arterial performance and explore the solution set.
The paper is organised as follows: Section 2 formulates the optimisation model and Section 3 describes the solution algorithm; Section 4 summarises the results obtained in a real case study; finally, conclusions are drawn and research prospects outlined in Section 5.
Model formulation
We consider a two-way arterial where all intersections are signalised; we assume that the cycle time, C, and the effective green times, g c and g nc , are calculated as a function of known traffic flows (subscripts c and nc refer respectively to the coordinated and non-coordinated phase), for instance with the well-known Webster method [21] . We recall that in this case all coordinated junctions should have the same cycle time and usually the same effective greens. Hence the Webster method is used by considering the maximum values for the flow on the saturation flow ratios of each phase.
We optimise the total delay on the arterial, td, that is the sum of the delays at all approaches to the arterial's junctions. Obviously, the total delay depends on the offsets of the junction, q. The total delay is calculated by a microsimulation model.
The optimisation model can be formulated as follows:
where: q is the vector of the offsets; q* is the optimal value for q; 0 is the zero vector (a vector with the same dimension of the q vector with all components equal to 0); C is the cycle vector (a vector with the same dimension of the q vector with all components equal to C); MS(q) indicates the microsimulation model that is able to estimate the total delay as a function of the offsets.
This is a constrained non-linear optimisation model requiring a microsimulation model to be set up to estimate the value of the objective function.
Solution algorithm
In order to solve the optimisation model formulated in the previous section, we propose a multi-start neighbourhood search algorithm. Neighbourhood search methods are widely used for solving operation research problems, sometimes as subroutines of more complex solution algorithms. Some applications to network design problems can be found in Gallo et al. [22] [23] [24] [25] .
The neighbourhood search (NS) algorithm searches for the local optimum nearest to the starting solution. Having set q it as the solution at iteration it, its neighbourhood is the set of solutions, N(q it ), that can be generated from the current solution by a single move, obtained by changing the value of an offset with a predetermined step (for instance + 5 s or  5 s). Since we have to set to 0 the value of an offset (generally the offset of the first or last junction of the arterial) the number of variables are n int  1, where n int is the number of coordinated intersections and a neighbourhood contains 2(n int  1) solutions.
Formally, neighbourhood generation can be expressed as:
 where:
An NS algorithm can adopt two different approaches for generating the next solution:
 the steepest descent method, which examines and evaluates all neighbouring solutions, N(q it ), and chooses the best solution as the next one;  the random descent method, which randomly extracts a solution from the neighbourhood, N(q it ), and evaluates only its objective function; if the new solution is better than the current one, it becomes the current solution; otherwise, another neighbourhood solution is randomly extracted and so on. If no neighbourhood solutions improve the objective function, the search stops and the last solution is a local optimum.
In the steepest descent method the next solution will be generated as the best feasible solution included in N(q it ):
and the algorithm will stop if:
Instead, in the random descent method the next solution is the first randomly extracted solution that reduces the objective function value. In our problem, since the variables are not numerous, we prefer to use the steepest descent method.
The necessity of a multi-start procedure is due to the non-convexity of the objective function, as highlighted by the numerical results (see next section); in particular, we propose to start the NS from three different solutions:
1. the zero solution, where all offsets are set to 0; 2. solution A, where the offsets are designed so as to ideally coordinate a direction of the arterial; 3. solution B, where the offsets are designed so as to ideally coordinate the other direction of the arterial. However, in most cases should there be a large number of offsets to define, then other starting solutions can be adopted.
Numerical results
The proposed model and algorithm were tested on a real case, namely an arterial in the urban network of Benevento (Italy). Although the arterial has four signalised intersections, two are so close that they have to have the same offset. Considering that the offset of an intersection has to be set to 0, the problem has only 2 variables, q 1 and q 2 .
Traffic flows in the peak-hour on the links of the arterial were obtained by specific surveys; Figure 2 reports the arterial and the hourly traffic flows.
Figure 2:
Test case.
The cycle time, C, calculated by the Webster method, is equal to 60 s and the effective green times are g c = 23 s and g nc = 29 s. The microsimulation model used for estimating delays is the CORSIM. The parameters of the microsimulation model were calibrated by surveys on the Benevento network.
The multi-start neighbourhood search method leads to three different solutions, one for each starting point; in Table 1 the steps of the algorithms are summarised. Note that the two offsets to design (a third offset is set to 0) are identified by q 1 and q 2 and that the total delay is expressed in minutes. An exhaustive search shows that the local optimum obtained starting from the solution A (q 1 = 55 s and q 2 = 30 s) is also the global optimum. Interestingly, solution A is the one that gives the ideal coordination for the direction where the traffic flows are higher. Table 2 shows the results of the exhaustive search and Figure 2 the shape of the objective function. Figure 3 shows the steps of the multi-start neighbourhood search. On examining the exhaustive search it can be noted that the best solution obtained by the multi-start neighbourhood search method is also the global optimum. Moreover, the three local optimal solutions have similar values of q 1 (in two cases the value is the same).
Examination of Figure 2 shows that the objective function is not convex: even if some oscillations of the objective function values may be due to the stochastic features of the microsimulation model, several zones of the space of solutions where the objective function values are lower can be identified, corresponding to several local optima.
Figure 4:
Steps of the multi-start neighbourhood search. For the best solution obtained we densify the search, considering a grid with one second steps (see Table 3 ). In this particular case the best solution is the one already found.
An exhaustive search is possible in this particular test case since we have only two offsets to design. In longer arterials where there may be up to 8-10 offsets to design, an exhaustive search is not possible with acceptable computing times. However, the proposed multi-start neighbourhood search is able to produce some local optima with acceptable computing times.
Conclusions and research prospects
In this paper we studied the problem of optimising the offsets of a two-way arterial so as to minimise total delays. We proposed a model and an algorithm for solving the problem. The test performed on a real case showed that the objective function is not convex; the proposed multi-start neighbourhood search algorithm allows some several local optima to be generated. In the specific test case, where also an exhaustive search was developed, one of the local optima is also the global optimum.
A possible line for future research would be to consider several arterials in the whole network, given that traffic flows also change with the change in coordination parameters. In this case, cycle times and effective green times should also be updated at each iteration.
